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Histone H3 lysine 4 trimethylation (H3K4me3) is
known to correlate with both active and poised
genomic loci, yet many questions remain regarding
its functional roles in vivo. We identify functional
genomic targets of two H3K4 methyltransferases,
Set1 andMLL1/2, in both the stem cells and differen-
tiated tissue of the planarian flatworm Schmidtea
mediterranea. We show that, despite their common
substrate, these enzymes target distinct genomic
loci in vivo, which are distinguishable by the pattern
each enzyme leaves on the chromatin template, i.e.,
the breadth of the H3K4me3 peak. Whereas Set1
targets are largely associated with the maintenance
of the stem cell population, MLL1/2 targets are
specifically enriched for genes involved in ciliogene-
sis. These data not only confirm that chromatin regu-
lation is fundamental to planarian stem cell function
but also provide evidence for post-embryonic func-
tional specificity of H3K4me3 methyltransferases
in vivo.
INTRODUCTION
Genomic DNA is precisely intertwined with histone proteins to
form a chromatin template that functions as both a packaging
structure and a gatekeeper of genetic information. These func-
tions are in part regulated by post-translational modifications
that are enzymatically added to histone proteins. Suchmodifica-
tions can serve as a record of past genetic activity and also
predispose genomic regions to a particular functional activity,
such as active transcription. Trimethylation of histone H3 lysine
4 (H3K4me3) is an example of a chromatin modification with
a well-established relationship to genomic function. Originally
identified in the active macronucleus of the ciliate Tetrahymena
thermophila (Strahl et al., 1999), H3K4me3 has been shown to
correlate with active transcription in many multicellular organ-
isms and biological contexts (Eissenberg and Shilatifard, 2010;
Ruthenburg et al., 2007).
Two of the major enzymes responsible for H3K4me3 are Set1
and MLL1. Despite their common substrate and core subunits,Cell Reploss of individual lysine methyltransferases (KMTases) often pro-
duces different phenotypes within an organism. For example,
embryonic mutations in the Drosophila homolog of MLL1
(i.e., Trithorax, Trx) produce characteristic homeotic patterning
defects (Ingham and Whittle, 1980; Kuzin et al., 1994) whereas
embryonic deletion of Drosophila Set1 results in lethality (Hall-
son et al., 2012). Individual mutation of the mammalian counter-
parts of these enzymes, MLL1 and Setd1a, also results in
distinctive phenotypes (Bledau et al., 2014; Terranova et al.,
2006; Yu et al., 1998). Moreover, deletion of additional mamma-
lian-specific H3K4 KMTases (mll2 and setd1b) lead to indepen-
dent phenotypes, indicating that the function of specific
enzymes is non-redundant (Bledau et al., 2014; Glaser et al.,
2006).
Despite the evidence for their non-redundant biological roles,
there is a surprising lack of clarity about the totality and nature of
specific genomic loci targeted by Set1 and MLL in vivo. Several
studies have focused on specific enzymes and/or subunits
but often find an inconsistent relationship between loss of
H3K4me3 and loss of gene expression (Clouaire et al., 2012;
Greer et al., 2011; Lim et al., 2009; Tanny et al., 2007). Although
studies in mll2/ mouse embryonic stem cells have identified
>2,500 functional genomic targets (Denissov et al., 2014; Hu
et al., 2013), the practicality of functionally validating these in
an organismal context is daunting. However, organismal studies
are necessary to understand fully the in vivo functional roles of
H3K4me3.
We sought to resolve some of these outstanding issues by
studying the targets of conserved H3K4 KMTases in the under-
studied Lophotrochozoa/Spiralia superclade, a sister group to
the Ecdysozoans (e.g., Drosophila and C. elegans) and the Deu-
terostomes (e.g., vertebrates). Here, we identify functional in vivo
genomic targets of Set1 and MLL1/2 in a member of this group,
the planarian species Schmidtea mediterranea. Although this or-
ganism is well established as a model for studying regeneration
and stem cell biology (Eisenhoffer et al., 2008; Reddien et al.,
2005; Wagner et al., 2012), its use in biochemical studies is
relatively unexplored. We used chromatin immunoprecipitation
followed by DNA sequencing (ChIP-seq) for the first time in this
animal and show that Set1 andMLL1/2 target markedly different
genomic loci in vivo. These loci are not only distinct from each
other but also distinguishable by the breadth of their H3K4me3
peaks. Moreover, the target genes we identify also show clear
functional and biological relevance to the RNAi phenotypesorts 13, 2741–2755, December 29, 2015 ª2015 The Authors 2741
Figure 1. Planarian Set1 and MLL1/2 Are Highly Conserved Proteins with Distinct RNAi-Knockdown Phenotypes
(A) Schematic of the domain structure of the planarian proteins Set1 (SmedSet1) and MLL1/2 (SmedMLL1/2) in comparison to those of Drosophila (dSet1, dTrx)
and human (hSet1, hMLL1, hMLL2).
(B) Timeline detailing the RNAi feeding schedule used in all experiments, unless stated otherwise.
(C and D) Live images of non-amputated control(RNAi), set1(RNAi) andmll1/2(RNAi) worms (C) and those at 7 days (left) and 17 days (right) post-amputation (D).
Scoring of morphological phenotype is for a single representative experiment. * indicates 3/8 fragments lysed before RD7. White arrowhead indicates early head
regression. PR, photoreceptors.
(E) In situ hybridization for the smedwi-1 stem cell marker in both set1(RNAi) and mll1/2(RNAi) non-amputated worms.
(F) Confocal projections of the ciliated epithelium; cilia are labeled with antibody to acetylated-tubulin (green); nuclei are stained with DAPI (blue).
Scale bars represent 500 mm (C and D), 200 mm (E), and 20 mm (F). See also Movies S1 and S2.observed for each enzyme. Our findings not only inform the spe-
cific functions of H3K4 KMTases in multicellular organisms but
also establish planarians as a unique experimental system in
which to study chromatin-based mechanisms of developmental
regulation in an adult organism.
RESULTS
Planarians Exhibit Morphologically Distinct Phenotypes
upon RNAi Knockdown of set1 versusmll1/2
We first identified genes encoding histone H3K4 methyltrans-
ferases in the genome of S. mediterranea using reciprocal BLAST2742 Cell Reports 13, 2741–2755, December 29, 2015 ª2015 The Ausearches. In keeping with the conservation of Set1 from yeast to
human (Eissenberg andShilatifard, 2010), the domain structure of
planarian Set1 (SmedSet1) is highly conserved (Figure 1A).
Planarian MLL1/2 (SmedMLL1/2) also shares key domains and
features with both mammalian MLL1 and MLL2 and Drosophila
Trithorax. Although there are additional H3K4 methyltransferases
in the planarian genome (Hubert et al., 2013), here we focus on
Set1 and MLL1/2 since RNAi knockdown of their genes resulted
in fully penetrant and morphologically distinct phenotypes,
providing a clear basis to test the hypothesis that the different
in vivo functionality of these KMTases is linked to their specific
genomic targets.thors
We then constructed RNAi vectors for planarian set1 and
mll1/2 (Figures S1A and S1C) and a non-planarian control
gene (unc-22)(Reddien et al., 2005), fed animals regularly with
double-stranded RNA (dsRNA) generated from each construct
(Figure 1B), and scored animals for phenotype with and without
amputation. As previously described (Hubert et al., 2013) and
shown here (Figure 1C; Movies S1 and S2), worms dosed
regularly with RNAi to set1 or mll1/2 show distinct homeostasis
phenotypes in comparison to both each other and control(RNAi)
worms; set1(RNAi) worms develop head regression, ventral
curling, and lysis within 2.5 weeks of first RNAi exposure,
whereas mll1/2(RNAi) worms develop a progressive motility
defect in which they gradually lose their normal gliding
motion and revert to ‘‘inch-worming’’ when induced to move.
set1(RNAi) and mll1/2(RNAi) worms also respond differently
to amputation; set1(RNAi) fragments fail to regenerate signifi-
cant blastema tissue or photoreceptors (PRs) and lyse within
10 days. In contrast, mll1/2(RNAi) fragments regenerate a blas-
tema of comparable size to that of control worms and form
new photoreceptors (Figure 1D). However, regenerating mll1/
2(RNAi) worms do exhibit significant developmental defects,
including abnormally small pharyngeal cavities in the regener-
ated gut tissue (Figure S1D).
Since the morphology of the set1(RNAi) phenotype is highly
similar to previously described stem cell deficiency pheno-
types (Eisenhoffer et al., 2008; Wagner et al., 2012), we next
assessed the status of the stem cell population in set1(RNAi),
mll1/2(RNAi), and control(RNAi) worms by in situ hybridization
with the smedwi-1 stem cell marker (Figure 1E). Predictably,
set1(RNAi) worms showed significant loss of smedwi-1+ cells
around the time of phenotype onset (day 15), although they
did not show gross loss of stem cells in the first %10 days
post-RNAi. In comparison, mll1/2(RNAi) worms did not show
significant loss of smedwi-1+ stem cells (assessed at day 21,
when motility defect is severe). On the other hand, when we
labeled the cilia of all RNAi animals, mll1/2(RNAi) worms dis-
played a striking loss of cilia on their ventral surface whereas
the cilia of set1(RNAi) worms were comparable to that of control
animals (Figure 1F). We also confirmed the epithelial cilia defect
in mll1/2(RNAi) worms by scanning electron microscopy (SEM;
Figure S1E). Interestingly, we did not see major defects in the
ciliated flame cells of the planarian excretory system (Thi-Kim
Vu et al., 2015) or obvious edema in mll1/2(RNAi) worms (Fig-
ures S1F and S1G), even though these phenotypes often corre-
late with motility defects (Rink et al., 2009). Together, these data
show that loss of set1 leads to a distinctly different phenotype
than that of mll1/2 during both homeostasis and regeneration
in planarians.
H3K4me3-ChIP fromWholeWorms Identifies Functional
Genomic Targets of Set1 and MLL1/2
To identify the functional genomic targets of Set1 and MLL1/2
in planarians, we developed a ChIP-seq protocol starting
from dissociated whole worms (WWs) (Figure 2A). Since
genome-wide ChIP-seq has not been reported previously in
planarians, we used Drosophila S2 cell chromatin as an inter-
nal spike-in control (Figures S2A and S2B). After validating
ChIP experiments by qPCR at test Drosophila loci (Kharch-Cell Repenko et al., 2011), we sequenced the immunoprecipitated
DNA and mapped the resulting reads to the Drosophila and
S. mediterranea genomes (dos Santos et al., 2015; Robb
et al., 2008, 2015).
Predictably, analysis of H3K4me3 ChIP-seq from wild-type
WWs (wt-WW) showed an enrichment of this modification at
the 50 end of many genes (Figure 2B). Moreover, the majority
of H3K4me3 peaks are within 200 bp of a gene transcription
start site (TSS; Figure S2C). We then asked whether this modi-
fication is conserved in its correlation with transcription (Barski
et al., 2007). As shown in Figures 2B–2D, this relationship is
indeed conserved; both individual gene (Figures 2B and 2C)
and genome-wide (Figure 2D) analyses showed a positive cor-
relation between RNA sequencing (RNA-seq) expression and
the average maximum H3K4me3 enrichment. Together these
data demonstrate that both the hallmark of H3K4me3 at gene
TSSs and its correlation with transcription is conserved in
planarians.
We then used this WW ChIP approach to identify genomic
loci at which H3K4me3 is lost in set1(RNAi) and mll1/2(RNAi)
animals. After processing RNAi-treated worms for ChIP-seq
as described above, we compared the aligned DNA reads
from control(RNAi) worms with those from set1(RNAi) or mll1/
2(RNAi) WW samples using diffReps, a program designed to
detect differential chromatin modification sites from ChIP-seq
data (Shen et al., 2013). Differential H3K4me3 windows re-
ported by diffReps were mapped to genes and then filtered
to include those with a MACS2-called peak within 500 bp of
its TSS. Surprisingly, since Set1 is responsible for the majority
of H3K4me3 signal in planarians (Figure S2D) and other organ-
isms (Bledau et al., 2014; Hallson et al., 2012; Mohan et al.,
2011), we detected very few loci with robust differential
H3K4me3 changes (i.e., <1.5 fold change [FC]) in set1(RNAi)
worms (Figure 2E; Table S1). In contrast, we identified >150
robust differential gene loci in mll1/2(RNAi) worms. Notably,
we found no overlap between the genes near set1(RNAi)
affected H3K4me3 peaks and those affected by mll1/2(RNAi)
in WW H3K4me3-ChIP (Figure 2F), suggesting that Set1 and
MLL1/2 operate at distinct loci in planarians. Although we
acknowledge the small sample size of the set1(RNAi) results
using a 1.5-FC cutoff, this disunion also exists at a 1.3-FC
cutoff (at which there are 115 Set1-WW targets and 342
MLL1/2-WW targets).
We then analyzed the differential peaks more closely by visu-
alizing the ChIP-DNA enrichment at individual loci (Figure 2G)
and by meta-analysis of all set1(RNAi) or mll1/2(RNAi) affected
loci (Figure 2H). These analyses suggest that loss of Set1
reduced the width of the signal distribution more significantly
than the height, while loss of MLL1/2 reduced the overall signal.
However, as evident by the broad SE (gray) in the Set1-affected
gene meta gene plot (Figure 2H, top panel), the small number of
Set1 targets affects the significance of this analysis. We hypoth-
esized that performing ChIP-seq across all cell types of dissoci-
atedworms dampened the loss of H3K4me3 in any particular cell
population. Because the set1(RNAi) phenotype indicates a
defect and/or deficiency in the stem cell population, we next
focused on the function and genomic targets of Set1 and
MLL1/2 in these cells.orts 13, 2741–2755, December 29, 2015 ª2015 The Authors 2743
Figure 2. H3K4me3 Correlates with Transcription in Planarian Whole-Worm Tissue and Is Reduced at Distinct Loci upon RNAi of set1 versus
mll1/2
(A) Schematic of ChIP-seq from dissociated whole-worm tissue; Drosophila S2 chromatin was 25% of total/ChIP.
(B) Representative track of H3K4me3-ChIP DNA reads from wild-type whole worm tissue (wt-WW) aligned to the S. mediterranea genome. Red bars indicate
MACS2-called peaks.
(C) RNA-seq data from wt-WW for genes shown in (B). Error bars indicate SD across four biological replicates.
(D) Meta-analysis of H3K4me3-ChIP data from wt-WW at all genes in the S. mediterranea genome with a MACS2-called peak; genes were binned according to
the expression values indicated.
(legend continued on next page)
2744 Cell Reports 13, 2741–2755, December 29, 2015 ª2015 The Authors
Stem Cells Exhibit Distinct Functional Responses to
RNAi of set1 versusmll1/2
To address the possibility that the differences between
set1(RNAi) and mll1/2(RNAi) worms are due to their differential
expression, we performed in situ hybridization with probes to
these genes. Since stem cells are eliminated after 24 hr of lethal
(>6,000 rad) ionizing radiation (Eisenhoffer et al., 2008; Wagner
et al., 2012), loss of in situ signal in irradiated (IRR) worms
indicates gene expression in those cells. As shown in Figure 3A,
the in situ pattern of the smedwi-1 stem cell marker (left)
is completely abolished in 6,000-rad-irradiated (6K) worms,
whereas a stem cell-enriched gene (smedwi-2, middle) showed
signal loss in areas of stem cell enrichment (e.g., tail stripe) but
maintained signal in differentiated tissues (e.g., CNS, epithelium)
in 6K worms. In contrast, a probe to the solute carrier gene
slc2a-4 (right) showed strong expression in differentiated tissue
(e.g., CNS, protonephridia) that was not affected by 6,000 rad.
When we examined the in situ patterns of set1 and mll1/2, we
found that both genes were broadly expressed in many cell
types/tissues and both showed moderate loss of signal upon
stem cell ablation with 6,000 rad (Figure 3B).
Recent studies have elegantly demonstrated that subsets of
genes marking differentiated tissue may also have important
roles in regulating stem cell function (Adler et al., 2014; Cowles
et al., 2013; Lapan and Reddien, 2012; Scimone et al., 2011).
To compare the expression levels of set1 and mll1/2 in the
stem cell population with these genes, we isolated cycling
planarian stem cells by flow cytometry (‘‘X1’’ gated cells, Fig-
ure 3C) (Kang and Sa´nchez Alvarado, 2009) and performed
RNA-seq to establish their transcriptional profile. As shown
in Figure 3D, the relative reads per kilobase of transcript per
million mapped reads (RPKM) levels of smedwi-1, smedwi-2,
and slc2a-4 were as predicted by their in situ patterns, with
smedwi-1 showing the highest relative expression and slc2a-4
the lowest. Both set1 and mll1/2 showed modest but robust
levels of expression in the X1 stem cell population, on par with
other genes (i.e., pou2/3, foxA, and coe) that have important
stem cell functions in addition to their expression in other cell
types. We note, however, that RPKM levels may not accurately
reflect protein or activity levels, particularly for enzymes.
Since expression level is not exclusively a determinant of gene
function, we also asked how loss of set1 andmll1/2 affects stem
cell function. We modified a previously established assay (Wag-
ner et al., 2012) in which stem cells are subjected to a challenge
of sublethal ionizing radiation (1,250 Rads) and then allowed to
recover (Figure 3E). We hypothesized that if set1 and/or mll1/2
were required for proper stem cell function and if loss of that
function contributes to their RNAi phenotype, then challenging
stem cells with sub-lethal irradiation should hasten its appear-
ance (i.e., head regression etc. in set1(RNAi) animals andmotility
defects in mll1/2(RNAi) worms). Indeed, after a single exposure(E) Histograms showing the distributions of the top 400 genes associated with H
(right), each compared to control(RNAi); dashed line indicates 1.5 fold change
(F) Venn diagram of genes associated with < 1.5 FC reductions in H3K4me3 up
(G) Representative tracks of H3K4me3-ChIP from RNAi-WW at gene loci with co
(H) Meta-analyses of H3K4me3 signal from set1(RNAi) or mll1/2(RNAi) WW-ChIP
Gray indicates standard error in meta-analyses (D and H). ChIP signal scale unit
Cell Repto RNAi, set1(RNAi) + IRR (1,250 Rad) worms exhibited head
regression >9 days prior to set1(RNAi)-only worms (Figure 3F,
dashed red line versus solid red line; based on when 50% of
assayed worms showed phenotype). In contrast, mll1/2(RNAi)
worms showed no appreciable difference in the appearance of
their phenotype with and without radiation (Figure 3F, dashed
green line versus solid green line). Notably, mll1/2(RNAi) + IRR
worms also did not develop head regression or other character-
istic signs of neoblast deficiency even after >4 weeks of obser-
vation (Figure S3).
In order to assess the stem cell response directly, we then
quantitated the number of smedwi1+ stem cells in worms
at days 3 and 7 post-1,250 Rads radiation (+D3 and +D7).
Importantly, worms from all three RNAi conditions show compa-
rable smedwi-1 staining patterns prior to sublethal radiation
(Figure 3G, d7/D0). As expected, control(RNAi) + IRR worms
showed a dramatic loss of smedwi1+ stem cells at +D3 and
significant recovery by +D7 (Figures 3G and 3H). In contrast,
set1(RNAi) worms showed a greater decrease of smedwi-1+
cells than control(RNAi) at +D3 and no recovery at +D7 (Fig-
ure 3H, red dots), suggesting that set1(RNAi) stem cells are
more sensitive to radiation. Interestingly, the number of
smedwi-1+ cells inmll1/2(RNAi) worms was comparable to con-
trol at +D3 but diminished at +D7 (Figure 3H, green dots). The
latter result is surprising, given that mll1/2(RNAi) + IRR worms
did not show signs of stem cell deficiency (i.e., lesions/head
regression) through +D32. These results indicate that loss of
MLL1/2 not only leads to a very different morphological pheno-
type than that of Set1 but also affects the stem cell population
in a measurably distinct way.
ChIP-Seq from Isolated Cell Populations Confirms a
Strong and Biologically Meaningful Correlation between
H3K4me3 and Transcription
After observing that set1(RNAi) and mll1/2(RNAi) each led to
impaired stem cell function, we then sought to establish a
ChIP-seq protocol starting from isolated planarian stem cells.
Again, we chose to use Drosophila S2 cells as a positive internal
ChIP control (Figure 4A). Here, we use Drosophila S2 cells as a
‘‘carrier’’ in which they are in excess of the cells of interest (i.e.,
fluorescence-activated cell sorting [FACS]-isolated planarian
cells) and provide the molecular mass needed for ChIP (i.e., <
106 planarian cells mixed with 107 S2 cells). We validated this
method by comparing H3K4me3-ChIP from FACS-isolated
stem cells (‘‘X1’’ gated cells, see above) with that from a mixed
differentiated cell population isolated in parallel (‘‘Xins’’ cells,
Figure 3C) and correlating the differences with RNA-seq data
from both cell populations.
Importantly, H3K4me3-ChIP from both cell types showed the
expected correlation with gene expression (Figures 4B and 4C)
as seen in WWs (Figure 2). We then used diffReps to identify3K4me3 peak reductions in whole worms after set1(RNAi) (left) or mll1/2(RNAi)
(FC).
on set1(RNAi) (red circle) andmll1/2(RNAi) (green circle) in whole-worm tissue.
mparable H3K4me3 reductions (2.0 FC).
at Set1-affected loci (top plot) and MLL1/2-affected loci (bottom plot).
s are reads per million (B and G).
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Figure 3. set1 and mll1/2 Show Comparable Expression Levels and Patterns yet Measurably Different Function in Stem Cells
(A and B) In situ hybridization in both wild-type (wt) untreated and 6,000-rad-irradiated (6K) worms with RNA probes to (A) control genes (smedwi-1, stem cell
marker; smedwi-2, stem cell enriched gene; slc2a-4, marker of differentiated tissue) and (B) set1 and mll1/2.
(legend continued on next page)
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Figure 4. Differences in H3K4me3 Correlate
Significantly with Differences in the Tran-
scriptional Profiles of Stem Cell and Differen-
tiated Cell Populations
(A) Schematic of ChIP-seq starting from FACS-iso-
lated Smed cell populations; Drosophila S2 cells
were >90% cells/ChIP.
(B and C) Meta-analyses of H3K4me3-ChIP data
from wild-type X1 stem cells (wt-X1) (B) and Xins
differentiated cells (wt-Xins) (C) at all genes in the
S. mediterranea genome with a MACS2-called peak
in either population; genes are binned according to
the expression values indicated. SE is in gray.
(D) Representative tracks of H3K4me3-ChIP from
wt-X1 and wt-Xins cells at gene loci with the indi-
cated categories of H3K4me3 enrichment. Red bars
indicate MACS2-called peaks, and purple bars
indicate diffReps-called differential windows. ChIP
signal scale units are reads per million.
(E) Comparison of differential H3K4me3 and differ-
ential transcript expression at the gene loci in (D).
(F) Venn diagram of all gene loci with enriched
H3K4me3 (purple circle) and expression (blue circle)
in X1 stem cells compared to Xins differentiated cells
(pAdj < 0.01). The overlap (1,080) is significantly
greater than the number expected by chance (317)
(p = 3.5E-201, hypergeometric test).differences in H3K4me3 enrichment between the two cell popu-
lations (Table S2). Notably, we detected significant differences in
H3K4me3 enrichment at several control genes (Figures 4D and
4E). Moreover, diffReps reported both regions and degrees of
fold change in H3K4me3 that correlated well with visible differ-
ences in ChIP-DNA enrichment and MACS2-called peaks at
these control loci. For example, the smedwi-1 and slc2a-4(C) FACS scatterplots of dissociated cells fromwt and 6Kworms after Hoechst blue staining. The ‘‘X1’’ stem
while cells in the ‘‘Xins’’ population do not.
(D) Average RNA-seq expression levels (RPKM) for representative stem cell marker and progenitor genes
(E) Schematic of the modified sublethal irradiation assay used to measure stem cell population response t
(F) Phenotype scoring curves for sublethal assay; * indicates that set1(RNAi) andmll1/2(RNAi) phenotypes sc
also Figure S3.
(G) Representative images of in situ hybridization with smedwi-1 probe in worms 7 days post-RNAi but pr
1,250 rad (14 days post-RNAi; d14/D7).
(H) Quantitation of smedwi-1+ cells in all worms labeled as in (G); ** indicates significant difference (p < 0.0
Scale bars in (A), (B), and (G) represent 200 mm.
Cell Reports 13, 2741–2755, Dgene loci each showed H3K4me3 enrich-
ment and MACS2-called peaks in a single
cell type, whereas the smedwi-2 gene lo-
cus showed broader H3K4me3 enrichment
and a wider MACS2-called peak in X1 cell
ChIP (Figure 4D). Fittingly, diffReps called
wide windows of differential H3K4me3 at
the smedwi-1 and slc2a-4 loci and a nar-
rower, 30-shifted differential window at the
smedwi-2 locus. The fold change reported
by diffReps also correlated well with the
expression changes at these loci as
measured byRNA-seq (Figure 4E). Further-
more, when we compared all gene loci atwhich diffReps analysis identified significant H3K4me3 enrich-
ment in X1 cells with all genes showing significantly increased
expression in X1 cells, the correlation was highly significant
(p = 3.5E-201, Figure 4F). There was also a significant correlation
between gene loci with the opposite enrichment (genes with
increased H3K4me3 and gene expression in Xins cells, Fig-
ure S4A). In contrast, there was no significant correlationcell population disappears upon 6,000 rad (right plot),
in the X1 stem cell population.
o 1,250 rad after RNAi.
ored are distinct and those described in Figure 1; see
ior to radiation treatment (d7/D0) and at day 7 post-
001) from control(RNAi) at same time point.
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between genes enriched for H3K4me3 in X1 cells and those with
increased expression in Xins cells (Figure S4B) or the reverse
(Figure S4C).
H3K4me3-ChIP from Isolated Stem Cells Identifies
Distinct Classes of Set1 andMLL1/2-AffectedGene Loci
We then used the above approach to identify gene loci at which
H3K4me3 was significantly reduced in X1 stem cells isolated
from set1(RNAi) and mll1/2(RNAi) animals (each compared to
control(RNAi) stem cells). As shown in Figure 5A (and Table
S3), H3K4me3 ChIP-seq from set1(RNAi) stem cells revealed
many more robust changes than seen in WWs (Figure 2E). We
also observed many robust changes in H3K4me3 enrichment
on the stem cell genome after mll1/2(RNAi); as in the WW
ChIP-seq results, these changes showed a broader distribution
and greater maximum fold change than those seen in set1(RNAi)
stem cells. Still, we found that there was no significant overlap
between Set1- and MLL1/2-affected loci (Figure 5B). In fact,
the number of overlapping genes (n = 4) is significantly less
than that expected by chance (n = 15), indicating that these
two enzymes target distinct genomic loci.
We then examined the H3K4me3 enrichment patterns at Set1
and MLL1/2-affected genes more closely. We found that the
average Set1-affected locus showed a broader distribution of
H3K4me3 than that seen at MLL1/2-affected genes (compare
control signal, Figures 5C and 5D). As suggested in the WW
ChIP-seq data, we also observed that Set1-affected peaks lost
significant H3K4me3 signal from both the summit and 30 shoul-
der upon set(RNAi), whereas MLL1/2-affected peaks showed
more uniform loss of H3K4me3 signal upon mll1/2(RNAi) (Fig-
ure 5D). To verify these differences, we then analyzed their pat-
terns using an independently generatedH3K4me3-ChIP-seq da-
taset from wild-type stem cells (Figure 5E). Again, we saw that
Set1-affected gene loci were marked with broader distributions
of H3K4me3 signal than those affected by MLL1/2. Interestingly,
we also found that H3K4me3 signal at Set1-affected genes was
not only wider but also higher than H3K4me3 signal at the
average locus (i.e., average H3K4me3 signal at ‘‘all’’ loci with
MACS2-called peaks within 500 bp of TSSs, n = 8,820). In
contrast, H3K4me3 enrichment at MLL1/2-affected genes was
narrower than both Set1-affected genes and the average locus,
but its height was comparable to average.
Another way tomeasure differences in H3K4me3 peakwidth is
by comparing MACS2-called peaks. As shown in the histogram
of MACS2-called peak widths at Set1 and MLL1/2-affected loci
(Figure 5F), we found that they fall into two significantly distinct
populations (p value < 2E-16). Moreover, when we add a density
plot averaging ‘‘all’’ MACS2-called H3K4me3 peaks in stem
cells, we observed that Set1-affected loci have wider peak
widths than average and MLL1/2-affected loci have narrower
peaks widths (mean/median = 1,901/1,747 bp for Set1-affected
genes, 1,111/1,000 bp for MLL1/2-affected genes, and 1,274/
1,212 bp for ‘‘all’’). Notably, the breadth of H3K4me3 is not signif-
icantly different in H3K4me3-ChIP from wt-WW for MLL1/2-
affected genes identified in stem cells (Figure S5A), nor do those
genes targeted by MLL1/2 in RNAi-WW differ in breadth to those
targeted in stem cells (Figure S5B). These data support the
observation that Set1- and MLL1/2-affected gene loci can be2748 Cell Reports 13, 2741–2755, December 29, 2015 ª2015 The Audistinguished by their H3K4me3 peak width and that the meta
gene analyses highlight differences between truly separate clas-
ses of loci.
We then asked if these two populations of loci also differed in
gene expression. We found that Set1-affected genes showed
significantly higher expression levels in wild-type stem cells
than the average for all stem cell expressed genes (p value <
2E-16; Figure 5G). MLL1/2-affected genes, on the other hand,
showed significantly lower expression in comparison to ‘‘all’’
genes (p value < 2E-16), despite their comparably tall average
H3K4me3 peak. In addition, ChIP-seq for H3K36me3, another
mark of active chromatin, shows enrichment at Set1-affected
genes but significantly less signal at MLL1/2-affected genes
(Figure S5F). In all, we conclude from these data that Set1 and
MLL1/2 target distinct and distinguishable genomic loci in
stem cells in vivo.
Both Set1- and MLL1/2-Affected Loci Are Functionally
and Biologically Relevant
We then asked if the identified Set1- and MLL1/2-affected loci
are functionally and biologically relevant to the individual pheno-
types observed. Notably, all Set1-affected loci identified in WW
tissue were included in the list of stem cell targets (Figure 6A; Ta-
bles S1 and S3), suggesting that H3K4me3 at Set1 target genes
is first established in the stem cell population. Additionally, genes
identified as Set1 targets includemany known stem cell markers,
e.g., histone genes, smedwi-1 and soxP-2 (Sa´nchez Alvarado
et al., 2002; Solana et al., 2012; Wagner et al., 2012). When we
analyzed Set1 target genes for the enrichment of specific Gene
Ontology (GO term), we found significant enrichment of many
terms pertaining to transcription, RNA/DNA binding, and chro-
matin-modifying activities (Table S5), revealing that Set1 and
its targets may operate in feedback loops to maintain open
and active chromatin.
To assess transcriptional changes upon set1(RNAi) and their
correlation with H3K4me3 loss, we next performed RNA-seq
on set1(RNAi) WWs and stem cells. Knockdown of set1 leads
to significant downregulation of transcripts (Figure 6B; Table
S4) at both the time point when H3K4me3-ChIP was performed
(+0 days) and 3 days post-ChIP (+3 days) in both WW tissue and
X1 stem cells. Importantly, genes with loss of H3K4me3 and
those with loss of expression overlapped significantly for each
RNA-seq time point and cell/tissue type (Figure S6A, p value
% 5.1E-12). Interestingly, this correlation was stronger when
comparing genes with Set1-dependent loss of H3K4me3 and
genes downregulated in WW-RNAi (Figure S6A), even though
the overwhelming majority of Set1 targets were identified in
stem cells. We also noted that the correlation between
H3K4me3 loss and decreased transcription grew more signifi-
cant at the later (+3 day) time point, a temporal relationship
that held for both set1(RNAi) stem cells and WWs.
We then used in situ hybridization to determine the expression
patterns of representative Set1-affected genes (Figure 6C). As
predicted by their high average expression, many Set1-affected
genes showed qualitatively strong expression by in situ hybridi-
zation (e.g., tubb4b). Genes identified in WW H3K4me3-ChIP
(first row, ‘‘WW + X1 genes’’) showed expression in a broad
range of tissues and/or ubiquitously. Unsurprisingly, somethors
Figure 5. RNAi of set1 and mll1/2 Each Affect H3K4me3 in Stem Cells and at Distinct Gene Loci
(A) Histograms showing the distributions of all H3K4me3 reductions in X1 stem cells after set1(RNAi) (left) or mll1/2(RNAi) (right), each in comparison to con-
trol(RNAi); dashed line indicates 1.5 fold-change (FC).
(B) Venn diagram of genes with differential H3K4me3 peaks (< 1.5FC) in X1 stem cells upon set1(RNAi) (red circle) and mll1/2(RNAi) (green circle). Similarity
between these gene loci is not significant (p = 0.999, hypergeometric test).
(C) Representative tracks of H3K4me3-ChIP from RNAi X1 stem cells (RNAi-X1) at gene loci affected by set1(RNAi) (top) and mll1/2(RNAi) (bottom). Red bars
indicate MACS2-called peaks, and purple bars indicate diffReps-called differential windows. ChIP signal scale units are reads per million.
(D) Meta-analyses of H3K4me3-ChIP from RNAi-X1 stem cells at loci affected by set1(RNAi) (Set1-affected, top plot) andmll1/2(RNAi) (MLL1/2-affected, bottom
plot). SE is in gray.
(E) Meta-analysis of H3K4me3 signal in wt-X1 cells at Set1-affected loci (red line) and MLL1/2-affected loci (green line) in comparison to all gene loci with a
MACS2-called peak (black line).
(F) Histogram of MACS2-called H3K4me3 peak widths (bp) in wt-X1 cells at gene loci affected by each RNAi condition; the populations are significantly different
(p < 2E-16, Wilcox test). A density plot averaging ‘‘all’’ wt-X1 H3K4me3-ChIP peak widths is shown for comparison (black line).
(G) Boxplot of average wt-X1 expression (RNA-seq) for ‘‘all’’ genes (All) compared with those at Set1-affected loci (red) or MLL1/2-affected loci (green). Separate
comparisons between ‘‘All’’ and RNAi conditions each show a significant difference (p < 2E-16).
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Figure 6. Gene Loci Affected by RNAi of set1 and mll1/2, Respectively, Are Functionally and Biologically Relevant
(A) Venn diagram of gene loci affected by set1(RNAi) in whole-worm tissue (WW, dark red circle) and X1 stem cells (X1, light red circle).
(B) Mean average (MA) plots of expression changes in set1(RNAi) X1 stem cells and WW tissue (each in comparison to control(RNAi)) at both the time point when
H3K4me3-ChIP was performed (+0 days) and 3 days later (+3 days). Data points are highlighted according to their significance (pAdj < 0.01) and loss of H3K4me3
(in WW-ChIP, X1-ChIP, or both).
(C) Colorometric in situ hybridization with RNA probes to representative genes affected by set1(RNAi).
(D) Venn diagram of gene loci affected by mll1/2(RNAi) in WW (dark green circle) and X1 stem cells (light green circle).
(E) MA plots of expression changes in mll1/2(RNAi) X1 stem cells and WW tissue at +0 and +3 days post-ChIP. Data points are highlighted as in (B).
(F) Colorometric in situ hybridization with RNA probes to representative genes affected by mll1/2(RNAi).
Scale bars in (C) and (F) represent 200 mm.
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targets identified specifically in stem cells (second row, ‘‘X1-only
genes’’) had stem cell enrichment patterns similar to smedwi-1
and smedwi-2 (e.g., SMED30034078, hsp70 and 14-3-3b/a).
However, many genes in the X1-only target list also exhibited
expression in differentiated tissues (e.g. atg9A signal in CNS
and gut tissue).
In contrast, mll1/2(RNAi) affects H3K4me3 at unique gene
loci in both WW tissue and X1 stem cells (Figure 6D). Interest-
ingly, when we examined the top 10% of WW-only target loci
in H3K4me3-ChIP from stem cells, we found they all had robust
H3K4me3 peaks but with non-significant and/or non-consistent
reduction in H3K4me3 (i.e., below the diffReps threshold)
upon mll1/2(RNAi). This suggests that other HMTases may be
operating at these loci in stem cells before ceding the role to
MLL1/2 in differentiated tissues. RNA-seq analysis revealed
that MLL1/2 target genes also showed the expected correlation
between loss of H3K4me3 and decreased gene expression
(Figures S6B and 6E). Different from that in set1(RNAi) worms,
we found that the relationship between loss of H3K4me3
and decreased expression was significantly more tissue/cell
restricted upon mll1(RNAi). For example, targets identified in
WW-only ChIP correlated significantly with decreased expres-
sion in WW-RNAi at the same time point (p value = 3.9E-10)
but did not correlate significantly with decreased gene expres-
sion in X1 stem cells at that time point (Figure S6B; Figure 6E,
red versus blue data points). The MLL1/2 data did, however,
show the same temporal correlation between H3K4me3 loss
and decreased gene expression at the later RNA-seq time point.
We then performed in situ hybridization on representative
MLL1/2-affected genes (Figure 6F). Many target loci identified
in WW-only ChIP showed broad expression throughout the
worm but with a similar pattern between genes. Targets identi-
fied in both WW tissue and stem cells (‘‘WW+X1’’) showed pat-
terns similar to those seen with WW-only gene probes but also
included epithelial expressed genes (e.g., pahx). Intriguingly,
the MLL1/2-affected genes that presented the most biologically
relevant expression patterns were those identified exclusively in
X1 stem cells (‘‘X1-only’’); >60% (12/18) of genes screened from
this list showed patterns of expression in ciliated tissues, in-
cluding the outer epithelial layer, peripheral neurons, and phar-
ynx. When we examined their annotations and known roles of
their homologs, we found that many of these genes are involved
in ciliogenesis (e.g., radial spoke head protein 6A, dynein heavy
chain 5, and intraflagellar transport protein 57). We then asked if
this gene ontology was statistically significant; indeed, when we
analyzed GO term enrichment across the entire list of genes
affected by mll1/2(RNAi) in X1 stem cells, both the ‘‘cilium’’
and ‘‘cell projection’’ terms showed significant enrichment (Ben-
jamini-Hochberg corrected p value = 8.6E-03; Table S5). As with
the finding that many Set1-affected genes have known stem
cell roles, these data strongly suggest that the identified
MLL1/2 targets are both functionally and biologically relevant
to mll1/2(RNAi)-induced pathologies.
MLL1/2Methylation in StemCells Marks Specific Genes
for Later Activation
We were struck by the fact that many biologically relevant
MLL1/2 target genes were identified specifically in H3K4me3-Cell RepChIP from stem cells. Importantly, previous work has shown
that there is no evidence of cilia in planarian stem cells (Azimza-
deh et al., 2012). When we plotted the average expression for the
12/18 assayed MLL1/2 target genes with epithelial expressed
patterns, we found that their expression in the X1 stem cell pop-
ulation was generally low (Figure 7A). Those genes with RPKM
levels >5 in ctrl(RNAi) stem cells did show significant loss of
expression uponmll1/2(RNAi). Since low expression levels could
indicate either low overall expression or a small number of nor-
mally expressing cells within the sampled population, we then
performed double in situ hybridization for individual target genes
and the smedwi-1 stem cell marker (Figure 7B).
Consistent with the single in situ patterns described above
(Figure 6F), we observed strong expression of representative
MLL1/2 stem cell target genes (i.e., cfap53 and rhsp6A) in the
epithelial layer (Figure 7B). When we looked at deeper confocal
slices in which we observed strong smedwi-1+ stem cells
(magenta), we did identify some cells that were potentially posi-
tive for cfap53 or rsph6A (overlapping signal in white and indi-
cated by white arrowheads); however, their expression was
muchweaker in these double-positive stem cells than in the cells
of the epithelial layer or other (smedwi-1) cell types in the
mesenchyme (green arrows). Nevertheless, both cfap53 and
rsph6A gene loci bear a robust H3K4me3 peak (Figure 7C) with
ChIP signal that compares to that at gene loci with much greater
expression in the stem cell population (Figure S5D). Together,
these data suggest that MLL1/2 methylates specific, inactive
gene loci in the stem cell population in order to poise them for
activation later in development.
DISCUSSION
Set1 and MLL1/2 Target Distinct Loci in a Complex,
Multicellular Organism
H3K4me3 and the enzymes that catalyze it are highly conserved
throughout evolution and have well-documented roles in the
regulation of the chromatin template. Specific loss of Set1 and
MLL1/MLL2 has also been shown to cause H3K4me3 loss and
non-redundant morphological phenotypes (Bledau et al., 2014;
Greer et al., 2010; Hallson et al., 2012; Yan et al., 2014; Yu
et al., 1998). Although there are many elegant studies detailing
the regulation of Hox loci by Set1 and MLL1/MLL2, evidence
linking additional enzyme-specific genomic targets to particular
in vivo phenotypes has been lacking. Although studies have
identified gene loci at which H3K4me3 is affected upon loss of
MLL1 and MLL2 in mouse embryonic stem cells (ESCs) (Denis-
sov et al., 2014; Hu et al., 2013), their in vivo specificity has not
been determined. In contrast, our studies uncovering the Set1-
and MLL1/2-affected genes in planarians were informed by a
biology-driven question: can the distinct phenotypes observed
upon knockdown of each enzyme be explained by their targeting
of distinct genomic targets? By establishing a ChIP-seq protocol
using isolated planarian stem cells, we answered this question
affirmatively.
When we examined the loss of H3K4me3 caused by RNAi
knockdown of set1, we found that planarian Set1 generally
behaves as expected: H3K4me3 peaks are higher at its tar-
get genes than the ‘‘average’’ gene and these genes showorts 13, 2741–2755, December 29, 2015 ª2015 The Authors 2751
Figure 7. RNAi of mll1/2 Affects Transcriptionally Poised Gene Loci in Stem Cells
(A) Dot plot of average RNA-seq expression in the wt-X1 stem cell population for representative MLL1/2 target genes identified in stem cells.
(B) Confocal images of double fluorescent in situ hybridization with RNA probes to the indicatedMLL1/2 target gene and smedwi-1 (MLL1/2 target genes in green,
smedwi-1 in magenta, DAPI in blue); first and third column images are Z-projections of the epithelial layer at the head and pharynx regions of the worm,
respectively. Second and fourth column images are single, deeper confocal slices from the same worm (where smedwi-1+ cells are detectable). Scale bars,
50 mm.
(C) Representative tracks of H3K4me3-ChIP from RNAi-X1 cells at the gene loci described in (B). Red bars indicate MACS2-called peaks, purple bars indicated
diffReps-called differential windows. ChIP signal scale units are reads-per million.
(D) Model describing the different roles of Set1 and MLL1/2 in the stem cell population.correspondingly higher than average expression (Figure 5). Inter-
estingly, loss of H3K4me3 was detected much more robustly in
ChIP from set1(RNAi) stem cells even though Set1 target genes
showed greater correlation to decreased gene expression in
set1(RNAi) WWs (Figure S6). MLL1/2 target genes also show a
strong correlation between H3K4me3 and gene expression in
planarians, yet MLL1/2 appears to exhibit much greater speci-
ficity and target gene regulation than Set1 in that it has unique
targets in both stem cells and differentiated tissue. Moreover,
MLL1/2 not only catalyzes H3K4me3 at different loci than Set1
but also targets loci with narrower than average H3K4me3
peakwidths in a cell population wheremany loci have a tendency
to be wider (i.e., meta gene analyses of H3K4me3-ChIP in X1
stem cells shows wider signal distribution than that seen in2752 Cell Reports 13, 2741–2755, December 29, 2015 ª2015 The AuXins differentiated cells; Figures 4B and 4C). The mechanisms
through which such specificity is achieved are presently un-
known but will be addressed in future experiments.
Chromatin Organization Plays a Functional Role in Stem
Cell Biology
One intriguing yet poorly understood role of H3K4me3 is in
transcriptional poising, particularly at developmental gene loci
(Azuara et al., 2006; Bernstein et al., 2006; Lindeman et al.,
2011; Vastenhouw et al., 2010). To date, most studies examining
this function have been done in cultured ESCs. Although ESCs
have many obvious advantages, it is nontrivial to identify and
validate a true in vivo counterpart in which to test the biolog-
ical relevance of such findings. Moreover, recent evidencethors
suggests that exact culture conditions can dramatically impact
the observed biology of these cell types (Dunn et al., 2014;
Theunissen et al., 2014; Ying et al., 2008). Here, we show that
ChIP-seq in isolated planarian stem cells can identify biologically
relevant targets with direct connections to organismal biology.
Moreover, many of the biologically relevant MLL1/2 target genes
were identified in ChIP from the stem cell population, in which
they show little to no detectable expression, suggesting that
MLL1/2 may be regulating their differentiation through an epige-
netic poising mechanism.
Our work also offers insight into the stem cell biology of
planarian neoblasts. Recent focus in the planarian field has
been on the heterogeneity of these cells at the transcript level
(Scimone et al., 2014; van Wolfswinkel et al., 2014). In several
cases, there is evidence that specific ‘‘differentiated’’ tissue tran-
scripts label stem cells that contribute directly to those tissues
(Adler et al., 2014; Cowles et al., 2013; Lapan and Reddien,
2012; Scimone et al., 2011). However, in other cases, it is still un-
clear if or how the presence of such transcripts affects the devel-
opmental fate of these cells. Here, we present evidence that
some tissue-restricted gene loci are decorated with robust
H3K4me3 peaks in the stem cell population yet do not produce
many transcripts in these cells. Additionally, we show that the
distribution of H3K4me3 often changes at key stem cell loci
upon differentiation. These data strongly suggest that the chro-
matin state at specific genomic loci plays a critical role in regu-
lating the biology of planarian stem cells.
We propose amodel (Figure 7D) in which Set1 andMLL1/2 act
at specific target loci to influence cell identity and/or lineage
potential. Although transcription clearly plays an important
deterministic role in the fate choice of these cells, we propose
a probabilistic model in which the chromatin state establishes
the fundamental expression potential of a given locus that can
then be further activated (or silenced) by other factors. This
model posits that chromatin state contributes to lineage choices
in ways that do not necessarily correlate with active transcription
(i.e., at poised genes). It also raises many questions, particularly
in regard to themolecules andmechanisms involved in achieving
and maintaining such distinguishable H3K4me3 patterns and
regulation. By taking advantage of the developmental plasticity
of planarians and our ability to distinguish chromatin modifica-
tion events between undifferentiated and differentiated cells
within them, we aim to address these questions and others in
future studies.
EXPERIMENTAL PROCEDURES
ChIP-Seq
Chromatin immunoprecipitation was performed as previously described (Lee
et al., 2006), with some modifications. Briefly, WWs were snap frozen in liquid
nitrogen, minced, cross-linked in 4%paraformaldehyde (PFA) for 10min (room
temperature), quenched with glycine, filtered, pelleted, and washed twice with
0.4X PBS/10% fetal bovine serum (FBS). FACS-isolated planarian cells and
Drosophila S2 cells were cross-linked in suspension. Pellets were lysed,
sheared in the S220 Focused Ultrasonicator (Covaris), cleared by centrifuga-
tion, and used for immunoprecipitations. Antibodies to H3K4me3 (Millipore
07-473) or H3K36me3 (Abcam ab9050) were used added to chromatin over-
night and then captured with Protein A/G magnetic beads (Life Technologies).
ChIPs were then washed, eluted, and incubated overnight at 65C to reverse
cross-links. After digestion with RNase and Proteinase K, DNAwas isolated byCell Repcolumn purification (QIAGEN) and used for either qPCR or DNA-seq library
preparation (Illumina TruSeq RNA kit). Further details can be found in Supple-
mental Experimental Procedures.
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